Organ Chamber Experiments
Experiments were performed in 37°C Krebs solution bubbled with 95% O2 and 5% CO2. Isometric tension was recorded using isolated small mesenteric arteries (200-250 μm) as previously described. 11,24,27, 30 The contributions of vasodilator PGs, NO, and EDHF to acetylcholine (ACh)-induced endothelium-dependent relaxation were determined by the inhibitory effect of indomethacin (10 −5 mol/L), N ω -nitro-L-arginine (L-NNA, 10 −4 mol/L) in the presence of indomethacin, and a combination of 100 nmol/L charybdotoxin [an inhibitor of large-and intermediate-conductance calcium-activated potassium (KCa) channels] and 1 μmol/L apamin (an inhibitor of small-conductance KCa channels) in the presence of indomethacin and L-NNA, respectively. 11,24,27, 30 The endotheliumdependent vasodilator responses under these 4 conditions were examined in different blood vessels in parallel. In addition, endothelium-independent relaxation responses to sodium nitroprusside (SNP), a donor of NO, and NS-1619, a direct opener of KCa channels, were also examined in arterial rings without endothelium. 30 EDHF causes vascular smooth muscle hyperpolarization and vasodilatation through activation of KCa channels. 1- 4 All agents were applied to organ chambers 30 min before precontraction with prostaglandin F2α. The extent of the contraction by prostaglandin F2α was adjusted to 50-70% of the contractions induced by 60 mmol/L KCl. 11,24,27, 30 To compare the relaxation curves, we used the area under the curve. 11,24,27,30
Electrophysiological Experiments
Rings of small mesenteric arteries were placed in experimental chambers perfused with 37°C Krebs solution containing indomethacin (10 −5 mol/L) and L-NNA (10 −4 mol/L) bubbled with 95% O2 and 5% CO2. 11,24,27,30 A vascular smooth muscle cell was impaled on a fine glass capillary microelectrode inserted from the adventitial side of the artery and changes in membrane potentials produced by ACh were continuously recorded. 11,24,27,30
Drugs and Solution
The ionic composition of the Krebs solution was as follows (mmol/L): Na + 144, K + 5.9, Mg 2+ 1.2, Ca 2+ 2.5, H2PO4 − 1.2, HCO3 − 24, Cl − 129.7, and glucose 5.5. STZ, ACh, NS1619, indomethacin, HYD and L-NNA were obtained from Sigma Chemical Co (St Louis, MO, USA) and SNP from Maruishi Seiyaku (Osaka, Japan). Indomethacin was dissolved in 10 −2 mol/L Na2CO3 and NS1619 in dimethyl sulfoxide. Other drugs were dissolved in distilled water. OLM and AZL were donated by Daiichi-Sankyo Pharmaceutical Co (Tokyo, Japan).
Western Blot Analysis
Western blot analysis was performed using antibodies that specifically recognize proteins, including endothelial NO synthase (eNOS), phospho-eNOS at Ser1177 (p-eNOS), Akt, phospho-Akt at Ser 473 (p-Akt), and Cu, Zn-superoxide dismutase (SOD). 27, 30 The extent of eNOS phosphorylation at Ser1177 31, 32 and that of Akt phosphorylation at Ser 473 33 represent the activation of each molecule. All of the mesenteric tissues were homogenized and the proteins were extracted. The same amount of extracted protein (10-20 μg) was loaded for sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) immunoblot analysis. The regions containing proteins were visualized using ECL Plus Western blotting detection system (Amasham Biosciences, Buckinghamshire, UK). Each band was normalized by corresponding value of β-actin as an internal control. 34 
Statistical Analysis
Results are expressed as mean ± SEM. Changes in BW, SBP and the plasma levels of glucose and lipids during the treatments were compared by 1-way ANOVA followed by Bonferroni/Dunn's post-hoc test for multiple comparisons. Serial changes in the characteristics of the 6 treatment groups from baseline values at 0 week were analyzed by 1-way repeated ANOVA followed by Bonferroni/Dunn's post-hoc test for multiple comparisons. Dose-response curves were analyzed by 2-way ANOVA followed by Bonferroni/Dunn's post-hoc test for multiple comparisons.
Other values were analyzed by 1-way ANOVA followed by Bonferroni/Dunn's post-hoc test for multiple comparisons. P<0.05 was considered to be statistically significant.
Results

BW and SBP
Before the experiment and at 2 weeks after STZ or vehicle injection, BW and SBP were comparable among the 6 groups (Table) . At week 7, BW was significantly increased in the HOSOYA M et al. 
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control group and tended to be reduced in the untreated group, but was more or less maintained in the other groups (Table) . At week 7, SBP was significantly elevated in the untreated group as compared with the other groups, but was significantly and equally decreased in the HYD and OLM + AZL groups (Table) .
Plasma Levels of Glucose and Lipids
At weeks 2 and 7 after STZ injection, the fasting glucose levels were markedly and significantly elevated in the un- Figure 3 . Endothelium-independent relaxation of mouse mesenteric arteries. Results are mean ± SEM. See Figure 1 for the 6 treatment groups. Endothelium-independent relaxation responses to sodium nitroprusside (SNP, an NO donor) and those to NS1619 (a direct opener of calcium-activated KCa channel) were comparable among the 6 treatment groups. NS, not statistically significant; NO, nitric oxide. 
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treated group as compared with the control group and were not affected by any treatment (Table) . Similarly, at week 7, the plasma levels of total cholesterol and triglycerides were also significantly higher in the 5 diabetic ApoE −/− mouse groups than in the control group (Table) .
Endothelium-Dependent and -Independent Relaxation
In the control group, ACh elicited concentration-dependent relaxation, which was resistant to indomethacin (vasodilator PGs component) or indomethacin plus L-NNA (NO component), but was highly sensitive to the combination of indomethacin, L-NNA, apamin, and charibdotoxin (EDHF component) (Figure 1 ). This EDHF component was markedly reduced in the untreated group, not improved in the OLM, AZL or HYD group, but was markedly improved in the OLM +AZL group (Figure 1) . Quantitative analysis of the relative contribution of vasodilator PGs, NO, and EDHF to endothelium-dependent relaxation responses to ACh demonstrated that as compared with the control group, the EDHF component was significantly reduced in the untreated group, not significantly improved in the OLM, AZL or HYD group, but was significantly improved only in the OLM +AZL group (Figure 2) . In contrast, as compared with the control group, the PGs or NO component was not significantly altered in the other groups (Figure 2) . Importantly, endothelium-independent relaxation reponses to SNP or NS1619 were comparable among the 6 groups, indicating that the vasodilator properties of vascular smooth muscle cells were unaltered in all groups (Figure 3) .
Endothelium-Dependent Hyperpolarization
Membrane potentials of vascular smooth muscle cells were recorded in the presence of indomethacin and L-NNA to exclude the possible contribution of vasodilator PGs and NO, respectively. 11,24,27,30 Resting membrane potential was comparable among the 6 groups (Figure 4) . In contrast, the endothelium-dependent hyperpolarization resonse to ACh (10 -6 mol/L) was significantly impaired in the untreated group, not significantly improved in the OLM, AZL or HYD group, but was significantly improved in the OLM +AZL group (Figure 4) .
Expression and Phosphorylation of eNOS, Akt and Cu,Zn-SOD
As compared with the control group, the expression of total eNOS protein in the mesenteric arteries was significantly lower only in the HYD group ( Figure 5) . In contrast, the extent of eNOS phosphorylation, a marker of eNOS activation, 31,32 was significantly reduced in the untreated group as compared with the control group, not significantly improved in the OLM, AZL or HYD groups, but was significantly improved in the OLM +AZL group (Figure 5) . Similarly, although the expression of total Akt protein was comparable among the 6 groups, the extent of Akt phosphorylation, a marker of Akt activation, 33 was significantly reduced in the untreated or HYD group, not significantly improved in the OLM or AZL group, but was significantly improved in the OLM +AZL group (Figure 6 ). In contrast, the expression of Cu, Zn-SOD protein was comparable among the 6 groups (Figure 7 ).
Discussion
The major findings of the present study are as follows; (1) the severely impaired EDHF-mediated responses under the 
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combined condition of diabetes and dyslipidemia were not significantly improved by OLM or AZL alone but were markedly improved by their combination, (2) the beneficial effects of combined therapy with OLM +AZL were not due to its blood pressure-lowering effect, and (3) the beneficial effects of the combination therapy were mediated, at least in part, by activation of the endothelial eNOS/Akt pathway. To the best of our knowledge, this is the first report of the beneficial effects of combination therapy with an ARB and a CCB on impaired EDHF-mediated responses.
Impaired EDHF-Mediated Responses in Diabetic ApoE −/− Mice
It is widely known that diabetes mellitus and hypercholesterolemia alone or in combination impair NO-mediated endothelium-dependent relaxation. 35-39 Similarly, EDHF-mediated endothelium-dependent relaxation is impaired by diabetes mellitus, 40 hypercholesterolemia 15 and hypertension. 41 Furthermore, we have previously demonstrated that the combination of diabetes mellitus and hypercholesterolemia markedly impairs EDHF-mediated relaxation in diabetic ApoE −/− mice. 23 When considering the extent of the impairment of EDHFmediated relaxation and hyperpolarization, the present diabetic ApoE −/− mouse model may represent an advanced stage of endothelial dysfunction in humans, such as advanced metabolic syndrome. We were able to confirm our previous finding in the present diabetic ApoE −/− mouse model. 23
Beneficial Effect of OLM+ AZL on EDHF Responses in Diabetic ApoE −/− Mice
In the present study, only the combination therapy (OLM + AZL), not the monotherapies, significantly ameliorated the severely impaired EDHF-mediated relaxation and hyperpolarization in diabetic ApoE −/− mice. Because the endothelium-independent relaxation response to SNP or NS1619 was unaltered by the combination therapy, it is the effects of the therapy on endothelial function, not those on vascular smooth muscle function, that appear to be involved. Furthermore, treatment with HYD, although it achieved a comparable antihypertensive effect to the combination therapy, failed to improve either EDHF-mediated relaxation or hyperpolarization, indicating that the beneficial effects of the combination therapy were not mediated by a simple blood pressure-lowering effect. We have previously demonstrated that long-term treatment with temocapril, an ACEI, enhances EDHF-mediated responses in normal mice. 42 However, in the present model of severely impaired EDHF-mediated responses, monotherapy with OLM or AZL failed to significantly improve the responses, whereas the combination significantly and markedly improved them, suggesting the usefulness of the combination therapy for the treatment of microvascular endothelial dysfunction. In the present study, we examined the vascular responses of small mesenteric arteries, resistance vessels that are known to be unaffected by atherosclerotic changes, such as medial thickening. Thus, we consider that the functional improvement in the EDHFmediated responses in the present study with the combination treatment of OLM +AZL is not related to their preventive effects on the progression of atherosclerosis.
Possible Mechanism of the Beneficial Effect of OLM+ AZL on EDHF-Mediated Responses
It is known that long-term treatment with an ARB improves endothelial dysfunction in patients with diabetes mellitus or 43,44 hypertension, 45-47 and in the aged. 42 It has also been reported that the mechanisms of the beneficial effects of OLM are mediated in part through inhibition of reactive oxygen species generation and eNOS uncoupling, 48 as is the case with CCBs. 47 In addition, the beneficial effects of com- 
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bination therapy with an ARB and a CCB have been reported in terms of glucose intolerance in diabetic mice, 49 vascular dysfunction in hypertensive rats, 47 and for atherosclerosis and oxidative stress in ApoE −/− mice. 50 However, it remains to be examined whether an ARB, a CCB and their combination improve EDHF-mediated responses and if so, what mechanism(s) is involved. In the present study, although the total protein expression of eNOS or Akt was unaltered by the combination therapy, the extent of phosphorylation of both eNOS and Akt was significantly improved. We have recently demonstrated that the endothelial NOS system has diverse vasodilator functions depending on the vessel size, mainly contributing to EDHF/H2O2 responses in microvessels while serving as a NO-generating system in large arteries. 30 The present results suggest that the improvement in EDHF-mediated responses by OLM +AZL was mediated, at least in part, by activation of the endothelial Akt -eNOS pathway. This finding is consistent with a recent report that OLM +AZL suppressed the development of atherosclerosis in ApoE −/− mice. 50 Although in the present study we did not further examine the molecular mechanism(s) for the enhanced phosphorylation of Akt and eNOS, it has been reported that combination therapy with OLM and a CCB (including AZL), but not their monotherapies, significantly decreased oxidative stress (eg, pathological superoxide anion production) independent of their blood pressure-lowering effects. 51, 52 Indeed, excessive oxidative stress has been implicated in the pathogenesis of endothelial dysfunction partly because of eNOS dysfunction. 53, 54 The antihypertensive effect of the combination therapy may not play a major role in the activation of the endothelial Akt -eNOS pathway, because HYD treatment, which has a similar antihypertensive effect, failed to do so. It is conceivable that the combination of OLM +AZL exerts beneficial effects not only on endothelial function (as shown in the present study) but also on angiogenesis and glucose metabolism, because the Akt -eNOS pathway also plays an important role in those functions. 55 We have previously demonstrated that endothelial Cu, Zn-SOD plays an important role in producing H2O2 as an EDHF synthase in mouse and human mesenteric arteries. 27 However, in the present study, there was no significant upregulation of Cu, Zn-SOD in the treatment groups, suggesting that Cu, Zn-SOD upregulation may not be involved in the beneficial effects of OLM +AZL therapy.
Study Limitations
First, we only examined the long-term effects of the combined therapy with OLM +AZL on the EDHF-mediated responses in normal and STZ-induced diabetic ApoE −/− mice. In order to further explore the present findings, the effects of combination therapy with other ARBs and CCBs need to be examined in other animal models of advanced atherosclerosis with endothelial dysfunction. Second, as we have previously demonstrated that endothelium-derived H2O2 is an EDHF in mouse mesenteric arties, 11-14 it remains to be examined whether endothelium-derived H2O2 is actually involved in the beneficial effects of OLM +AZL treatment in the present study. Third, because we have previously demonstrated the beneficial effects of an ACEI on EDHF/H2O2-mediated responses, 24 the effects of ACEIs remain to be examined in the present diabetic ApoE −/− mouse model. Fourth, we only examined the role of eNOS and the role of other NO synthases (inducible and neuronal NOSs) remains to be examined. Finally, the beneficial effects of combination therapy with an ARB and a CCB on impaired EDHF-mediated responses remain to be confirmed in patients with metabolic syndrome.
Conclusion
The present study demonstrates that combination therapy with OLM and AZL effectively improves the severely impaired EDHF-mediated responses in diabetic ApoE −/− mice, in which activation of endothelial Akt-eNOS pathway may be involved.
